Purpose: To investigate temporal lobe microstructural abnormalities and neurocognitive function impairment after concurrent chemoradiotherapy (CCRT) in patients with nasopharyngeal carcinoma (NPC). Methods: NPC patients who underwent CCRT were enrolled. High-resolution diffusion-weighted imaging (DWI) magnetic resonance imaging (MRI) and diffusion-kurtosis imaging (DKI) MRI, were performed 5 times per patient (once pre-CCRT, 1 week post-CCRT, 3 months post-CCRT, 6 months post-CCRT, and 12 months post-CCRT). Neurocognitive function was evaluated by Montreal Neurocognitive Assessment (MoCA) twice per patient, once pre-CCRT, and once 12-months after CCRT. Results: Of 111 patients, 56 completed the entire protocol. The MRI derived apparent diffusion coefficient (ADC), mean of diffusion coefficient (Dmean) and fractional anisotropy (FA) values were significantly decreased (p < 0.05) over the 0-3 month period following CCRT and significantly increased (p < 0.05) over the 3-12 month period following CCRT. The mean of kurtosis coefficient (Kmean) continued to decline over a year post-CCRT. All parameters reveal more pronounced changes in white matter (WM) than in grey matter (GM). MoCA also declined after CCRT (p < 0.001). MoCA showed significant positive correlation with Kmean-WM-6 m, Kmean-WM-12 m and DKmean-WM. Conclusions: High-resolution DWI and DKI should be considered as a promising method for the investigation of temporal lobe microstructural change in NPC patients after CCRT.
Temporal lobe necrosis or injury is one of the severe complications of nasopharyngeal carcinoma (NPC) after radiotherapy (RT) (+/À chemotherapy) due to the nonlocalized nature of the RT and sensitivity of nervous tissue to RT [1] . The 3-and 5-year incidences of conventional two-dimensional RT-induced temporal lobe necrosis have been reported to be 10.8% and 34.9%, respectively [2] .
With the increasing application of intensity-modulated radiotherapy (IMRT), the incidence significantly decreased to 5% [3] . IMRT enables the delivery of the prescribed RT dose to the planning target volumes (PTV), and allows for the reduction the dose for organs at danger, such as the temporal lobe, brainstem, and optic chiasm [4] . The IMRT technology is able to create precision delivery of dosage to tumors by using beam collimation techniques (Multileaf Collimators) and feedback controlled intensity distribution through computation [5] . This allows for a localized delivery of RT that influences surrounding, nontarget tissue less. However, NPC survivors treated with IMRT (+/À chemotherapy) are still at significant risk of both neurocognitive and neurobehavioral impairment symptoms, including headaches, memory loss, anxiety, depression, communication or behavioral changes, etc. Previous researchers have performed clinical series studies that have https://doi.org/10.1016/j.ctro.2019.12.003 2405-6308/Ó 2019 The Author(s). Published by Elsevier B.V. on behalf of European Society for Radiotherapy and Oncology. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). assessed neurocognitive function in head and neck cancer patients. One particular cross-sectional study demonstrated that 32% NPC patients have impaired Montreal Neurocognitive Assessment (MoCA) scores with a median follow-up of 7.5 years after the completion of IMRT [6] . Another study found that longitudinal assessment of NPC patients present with neurocognitive test scores that progressively decline in the 2 years following chemotherapy or radiation administration [7] . The neurocognitive function scores are affected by many factors rather than treatment only. Previous studies cite that disease status or communication difficulty after RT influence the neurocognitive function and quality of life in head and neck cancer survivors [8, 9] . While it is clear that neurocognitive function scores are and will remain a hallmark in patient evaluation, there is a clear difficulty in identifying and decoupling factors that may influence the more qualitative patient scoring methods. This provides a motivation to develop quantitative parameters that allow for clinicians and researchers to evaluate patients undergoing RT for NPC in a more rigorous manner.
Given that macro/micro-structural changes in the brain underlie neurocognitive impairment, this research study is motivated by the hypothesis that MRI deduced micro and macrostructural changes can provide insights on detecting temporal lobe injury in RT treated NPC patients more sensitively than the established neurocognitive score. There are three phases of the pathophysiological reaction to irradiation in normal brain tissue: the acute reaction period (few days to few weeks), early delayed radiation period (1-6 months), and late delayed radiation period (6 months to few years) [10, 11] . Lv et al. [12] found that time-dependent volumetric decreases for the total gray matter (GM) of the bilateral temporal lobe, as well as time-dependent ventricle expansion in NPC patients through acute reaction period to delay radiation period. Wang et al. [13] reported that bilateral temporal white matter (WM) microstructural changes following RT is dependent on the duration of completion of radiotherapy. RT-induced microstructural injury and multiple sclerosis in normal-appearing temporal lobes have been confirmed through the use of in-vivo model studies by analyzing tissue ex-vivo using histopathology staining techniques [14, 15] . The aforementioned research suggest that temporal lobes that may appear healthy with conventional magnetic resonance imaging (MRI) could have microstructural abnormalities in both GM and WM, and this must be confirmed using different techniques aside from conventional MRI. In order to obtain a quantitative measure to understand micro and macro structural changes in NPC patients undergoing RT, a technique other that conventional MRI must be utilized.
Conventional MRI has limited power in detecting microstructural injury of the temporal lobe. In comparison, diffusionweighted imaging (DWI), diffusion-tensor imaging (DTI), and diffusion-kurtosis imaging (DKI) are diagnostic and research techniques that enable examination of tissue microcirculation and biophysical properties by exploiting the information from Brownian motion of water molecules in biological tissues [16] . DWI and DTI have been applied in NPC to detect radiation-induced temporal WM damage that is not visible using conventional imaging modalities [17, 18] As a non-Gaussian model technique, DKI specifically reflects both complex diffusion and kurtosis alterations by utilizing the distributional properties of the tissue compartments in GM or WM [19] , as recently shown in other cross-sectional studies [20] . Given that DWI and DKI are sensitized to the diffusion of water and the restriction of water diffusion, changes in these parameters could indicate potential edema, ischemic necrosis, and even progressive vascular remodeling, in addition to tissue remodeling [16] . Identifying whether these functional imaging techniques (DWI and DKI) could detect microstructural injury in NPC patients treated by chemoradiotherapy would important for implications of early intervention and improvement of quality of life.
Herein, with 56 analyzable NPC patients, we present our prospective longitudinal study providing an evaluation of microstructural temporal lobe abnormalities by MRI parameter changes, and neurocognitive function changes after concurrent chemoradiotherapy (CCRT).
Methods

Patient selection
NPC patients who were diagnosed by nasopharyngoscopic needle biopsy and participated CCRT in the Department of Radiation Oncology, Hainan General Hospital (Affiliated Hainan Hospital of Hainan Medical College) between September 2015 and May 2018 were enrolled. Patients met inclusion criteria by (1) having Karnofsky performance status !70%, (2) undergoing each MRI follow-up in our hospital, and (3) having no imaging evidence of tumor invading the temporal lobes or temporal necrosis. Patients were excluded who had (1) MRI (eg, artificial cochlea, cardiac pacemaker implantation) or CCRT contraindications, (2) suffered from other neurological or psychiatric diseases, (3) had previously received radiotherapy in the neck region, (4) had brain metastases or trauma, and (5) a baseline MoCA score <25. The study was approved by the Ethics Committee of Hainan General Hospital, and all patients provided written informed consent.
Follow-up procedure
To assess early CCRT-related brain microstructural alterations (from acute reaction period, early delayed radiation period, to late delayed radiation period), NPC patients were evaluated at the following time points: before initiation of treatment (baseline), within 1 week, 3 months, 6 months, and 12 months after the completion of CCRT treatment. At each time point, nasopharynx and/or neck MRI (DWI and DKI) was performed. Neurocognitive testing of MoCA was performed at the first and last time points (MoCA-pre, MoCA-post). Fig. 1 illustrates the flow chart of the participant selection procedure.
MRI protocol
MRI was performed using a 3T MR scanner (Skyro, Siemens Healthcare, Erlangen, Germany) with a 20-channel head/neck coil. The protocol included axial proton density-weighted images (PdWI), axial pre-and post-gadolinium T1-weighted images (T1WI) (Gd-DTPA: 0.1 mmol/kg), high-resolution DWI and DKI. PdWI and TIWI were utilized as conventional protocols to extract head and neck anatomical structure information, and highresolution DWI and DKI were utilized as diffusion sequences to provide quantitative diffusion parameters for the tissue of interest. PdWI scanning was acquired at a repetition time (TR) of 5200 ms, echo time (TE) of 20 ms, 220 * 220 mm 2 field of view (FOV), and 4.0 mm slice thickness. High-resolution DWI scanning was acquired using a readout segmentation of long variable echotrains diffusion weighted imaging (RESOLVE) sequence at a TR of 5800 ms, TE of 68 ms, 220 * 220 mm 2 FOV, 1.3 * 1.3 * 4 mm 2 voxel size, and 4.0 mm slice thickness. The DWI sequence was carried out using b values of 0 and 1000 s/mm 2 in three different directions. DKI scanning was acquired at a TR of 7700 ms, TE of 88 ms, 220 Â 220 mm 2 FOV, 2.5 Â 2.5 Â 4 mm 2 voxel size, and 4.0 mm slice thickness. The DKI sequence was carried out using b values of 0, 500, 1000, and 1500 s/mm 2 in 30 different gradient encoding directions.
Post-processing of raw DKI data was performed using the Diffusional Kurtosis Estimator (DKE, version 2.6, built on February 25, 2015) software [21] . The ADC map was derived from highresolution DWI using software provided by the manufacturer of Siemens (Syngo.via). The parameters (-pre, -post, -3 m, -6 m, -12 m) were measured and reported using the software ''ITK-SNAP" (version 3.4.0, http://www.itksnap.org) [22] . The regions of interest (ROIs) were delineated to obtain the temporal lobe GM and WM on both sides manually on axial images of the maximum hippocampal/hippocampus body level on the four parameters mappings and PdWI (automatic synchronized threedimensional positioning) by clinical radiologist (R.-R. Li), eliminating the inclusion of the two sides of the middle cerebral artery, lateral ventricles, or obvious image derived artifacts ( Fig. 2 ). All ROIs were confirmed by a senior radiologist (W.-Y. Huang)
Neurocognitive function evaluation
Neurocognitive function was assessed in the categories of visuospatial/executive, naming, memory, attention, language, abstraction, delayed recall and orientation by MoCA (Beijing Version) [23] . MoCA scores can range from 0 to 30 and the completion time of test was about 10 min. All patients completed this procedure under the supervision of medical professionals after receiving standardized and thorough explanation. Patients with <12 y of education receive a bonus point [24] . A score of <26 to define neurocognitive impairment, as supported by prior work [23, 24] .
Treatment protocol
All 56 patients presented with stage II-IV NPC according to the American Joint Committee on Cancer (AJCC 8th Edition) and received CCRT. Radiotherapy was carried out according to the institutional guidelines. IMRT planning was performed on the Eclipse Treatment Planning System (Major build version 11.0.47, USA) using the simultaneous integrated boost technique [25] . Target volumes were delineated slice-by-slice on treatment planning CT scans using an individualized delineation protocol that complied with International Commission on Radiation Units and Measurements reports 62 and 83, MRI for reference. The prescribed radiation dose was as follows: a total dose of 68.2-72.6 Gy in 31-33 fractions at 2.15-2.36 Gy/fraction to the planning target volume (PTV) of the GTVP, 60-70 Gy to the nodal gross tumor volume PTV (GTV-N), 60-65 Gy to the PTV of CTV-1 (high-risk regions), and 53-58 Gy to the PTV of CTV-2 (low-risk regions and neck nodal regions). All patients were treated with one fraction, daily, over five days per week. Concurrent chemotherapy protocol was chosen one of them: 1. Cisplatin (30-40 mg/m 2 ) weekly; 2. Cisplatin (80-100 mg/m 2 ) chemotherapy on days 1, 22, and 43; 3. Docetaxel (75 mg/m 2 ) and Cisplatin (80-100 mg/m 2 ) on days 1, 22, and 43; or 4. Paclitaxel (175 mg/m 2 ) and Cisplatin (80-100 mg/m 2 ) on days 1, 22, and 43 during radiation therapy according to the tumor stage and patient's condition.
Data analysis
All data in the analysis is expressed as the mean ± standard deviation values. Statistical analysis was performed using R software (version 3.5) and p < 0.05 (alpha of 0.05) was considered statistically significance. A pairwise two-tailed Student's t test was used to compare the ADC, Dmean, Kmean and FA values for the temporal lobe before and after therapy across time points, and was also used to compare the MoCA score before and after therapy. A chi-square test was used to analyze the number of MoCA <26 participants before and after treatment. A one-way ANOVA was used to determine the significance of neurocognitive impairments in the administered chemotherapy protocols. A Pearson's correlation analysis was used to analysis the correlation of DKI parameters and post-CCRT MoCA, and the correlation of delta DKI parameters and DMoCA (D indicates the change between before treatment and 12 months after CCRT).
Results
A total of 56 patients met the inclusion criteria. The clinical information of NPC patients is illustrated in Table 1 . The four chemotherapy protocols had no significant effect on neurocognitive impairment (p = 0.9). Table 2 provides summary statistics and p-values for parameter comparison. Comparisons are made under the assumption that the signal to noise is consistent across longitudinal study time points. 
Dynamic changes rule of ADC
The longitudinal evolution of ADC values showed that ADC decreased after CCRT, and reached the lowest value at the 3month time point, then increased. ADC was significantly different compared with baseline at every follow-up time point (p < 0.05). Although ADC increased near to baseline value at 12 months after CCRT, it remained significantly lower than at baseline. WM showed more obvious changes in ADC than GM ( Fig. 3) (Table 2 ).
Dynamic changes of FA and Dmean
Dmean and FA showed a similar temporal pattern as ADC. The Dmean-GM-12 m after CCRT was not different compared to baseline (p = 0.9), Dmean and FA at other follow-up time points were significantly different compared with the baseline (p < 0.05). Dmean and FA also reached the lowest value three-months after CCRT. The mean FA value of WM was significantly lower than that of GM at all time points (p < 0.05) ( Fig. 3) (Table 2 ).
Dynamic changes of Kmean
Kmean has a vastly different temporal pattern when compared to the other extracted quantitative parameters (Dmean, FA, ADC). Kmean continuously declines after CCRT with no recovery. The Kmean at 12 months after treatment was significantly lower than baseline (p < 0.001) ( Fig. 3) (Table 2) .
Neurocognitive function test
Twelve months after CCRT, the decline was also ascertained in the MoCA score (MoCA-pre 28.036 ± 0.972; MoCA-post 26.179 ± 1.466; p < 0.001). No patient showed neurocognitive impairment before CCRT, while 18 patients (32.14%) scored in the impaired range after 12 months of CCRT (MoCA < 26 as cutoff) (p < 0.001). 4 (7.14%) patients MoCA declined more than 3 points after 12 months treatment.
Correlations between parameters
Significant positive correlations were observed between Kmean-WM-6 m, Kmean-WM-12 m, DKmean-WM and MoCApost (Kmean-WM-6 m & MoCA-post, r = 0.351, p = 0.008; Kmean-WM-12 m & MoCA-post r = 0.394, p = 0.003; delta Kmean-WM & MoCA-post, r = 0.445, p = 0.001) ( Fig. 4) . No significant positive/negative correlation was observed between delta Kmean, DDmean, DADC, DFA and DMoCA score (change between before and 12 months after CCRT, p > 0.05) of grey or white matter with the Pearson's correlation test.
Discussion
RT is an effective treatment modality to destroy cancerous tissues of NPC, but it may also inevitably damage adjacent healthy tissues, especially the sensitive brain tissue of the temporal lobe. Neural structure can be directly or indirectly injured by radiation. Researchers have made multiple hypotheses on understanding this phenomenon. One theory is that the damage of vascular endothelial cells follows local brain tissue ischemia of the whole brain [26] . Larger scale, nonlocalized injury of the brain may be induced by RT due to central nervous system autoimmune vasculitis [11] . Evaluation of the irradiated temporal microstructural damage at acute reaction and early delayed stages is essential to help with adjusting treatment protocols. Alterations in microstructure and water diffusion within visually normal-appearing temporal lobes shown on conventional MRI can be visualized quantitatively by diffusion technologies, such as DWI, DTI, and DKI. In this study, highresolution DWI and DKI were both used to detect the microinjury of normal-appearing temporal lobes at 4 time points over 12 months after CCRT in NPC patients longitudinally.
ADC, FA and Dmean alterations were found to be temporally dynamic and suggestively recover towards values closer to baseline after an initial decline. The greatest decline in these diffusivity parameters occurred at 3-month after CCRT, with subsequent increase between 3 and 12 months. ADC and FA values remained significantly lower at the 12-month after chemoradiotherapy compared with baseline. In future, we plan to evaluate at later time points to determine whether baseline values are fully recoverable. ADC is a classic parameter used to evaluate the water diffusivity of tissue, related to the cellularity, cytotoxic edema, and angiogenic edema [27] . The decline of ADC means restriction of water molecule diffusion. The ADC longitudinal change of normal-appearing temporal lobes after irradiation may have been caused by the transformation period from edema to regression of edema, depending on the unique time-dependent trajectory. However, the ADC was also affected by ischemia derived by vessel injury and myelin microinjury, silenced on the conventional MRI. The mechanism underlying ADC alteration is complex, thus it is challenging to determine the precise sensitivity of this quantity to neuronal injury and restructuring following RT.
Alteration of FA value found in this paper is consistent with previous research by Xiong et. al and Harsan LA et al. [28, 29] FA is the most sensitive indicator of the directional anisotropy of water molecules, especially in WM. According to these previous studies, the active hypothesis is that the transient reduction of FA might be attributed to axonal swelling and microinjury of myelin in the acute and early delayed reaction phase. FA progressively increased as a result of an expanded oligodendrocyte population contributed to recovery of myelination and subsequently a mild increase in axonal caliber.
Dmean implies the mean diffusivity and represents a more exact value than ADC as the computation of this parameters allows for the consideration of the three main directions of water movement. Chapman et al. [17] investigated normal appearing white matter in patients with radiation-induced late delayed neurocognitive decline using DTI. Decreases in longitudinal diffusivity (k||) and increases in perpendicular diffusivity (k\) from pre-RT values were observed in the temporal lobe WM at the beginning three weeks after RT. k|| quantifies water movement along the main longitudinal direction, evaluating axonal integrity, while k\ reflects myelin integrity (myelin injury leads to increased k\). However, Dmean values were not specifically reported in that study. Wang et al. [20] demonstrated that Dmean values were significantly lower one week after RT, but returned to normal in one year, which is consistent with our results. Our results support this finding with further validation through a longitudinal study that can more accurately compare fluctuation in brain microstructuring due to CCRT through utilizing data from the patient's scans prior to treatment as a baseline. This provides this study with a more robust statistical analysis by utilizing the patient's pre-treatment parameters as comparative metrics. Irradiation induces brain tissue injury and vessel injury (alterations in the permeability of the small vessel wall), as a result of edema and consequent demyelination. The transient reduction of Dmean might be attributed to the comprehensive effect of fibrinoid changes to the blood vessels and ischemia. During the recovery period, the increase of Dmean may be caused by the regression of edema and remyelination [30] . Kmean has a different temporal response than the other parameters. Kmean continued to decline over 12 months after CCRT. Kmean at the 12-month time point was significantly lower than baseline (GM and WM, p < 0.001). Wang and colleagues [20] found that gray and white matter Kmean values were significantly higher 1 week after CCRT, but significantly lower at 6-month and 1-year time points. The change of Kmean value at the long time points (6 months and 1 year) showed the same results in our study. However, the short time points have differing results, with statistically significant decrease in Kmeans in our study (GM, p = 0.98; WM, p < 0.001). The possible reason is that the pathological changes of temporal lobe microstructure in acute reaction phase is complicated and influenced by multiple variables. This includes acute immune response effects, which vary from patient to patient [31] . Further research is needed to verify, with further longitudinal study time points. Given prior studies and our results, we conclude that Kmean is sensitive to microstructural change and structural complexity of tissue. It would seem that Kmeans is a more useful metric for identifying CCRT side effects at further time points, as the acute phase may have considerable heterogeneity in Kmean values dependent on patient derived characteristics of NPC tumor and baseline neurological condition as suggested by this study when compared to other studies. Microstructural damage or increased homogeneity may be the reason for the continuous change of Kmean after RT. The continuous decrease of Kmean over 1 year after IMRT indicated that microstructural destruction, or fibrinoid changes in the blood vessels, induced continuous damage, although edema disappeared and myelin reformed. Different microstructural change present in different period, running through the three phase of irradiation reaction of brain tissue. The acute reaction and early delayed radiation period is characterized by cell or myelin edema, blood brain barrier damage. And the late delayed radiation period is characterized by demyelination, vascular abnormalities, considered as irreversible and progressive [32] . Neurocognitive score progressively declines in the 2 years after chemoradiotherapy supported our results of Kmean from another perspective [7] . Our study supplements the study by Wang et al in that we conclude that it is seemingly important to use both Kmeans along with another parameter to monitor RT induced neurological damage, as Kmeans may be more variable and less reliable in the short term, but more sensitive in the long term. Contrarily, Dmeans, ADC, and FA may be more consistent in the short term and provide the immediate temporal response more reproducibly, however less sensitive and thus failing to show restructuring and changes in the long term.
Traditionally, white matter and vascular endothelium have been regarded as the core brain structures damaged by irradiation [33] . White matter is recognized as the most vulnerable structure in the brain's response to irradiation [34] in clinical evaluation because of myelination. Our results reinforce this tendency, with the parameter sensitivity being higher in white matter analysis than in gray matter analysis. However, many previous studies [17, 26, 28] only focus on the white matter of the temporal lobe in NPC patients, under the hypothesis that gray matter was not affected by RT. More recently, studies began to evaluate grey matter alterations as well. The volume or the thickness of gray matter, appearing normal on conventional MRI, decreased after RT [11] . Our results showed that the diffusion parameters also revealed changes in grey matter, indicating that gray matter also had microstructural changes induced by irradiation and reinforcing the importance of investigating this in future research.
Twelve months after CCRT, neurocognitive function score (MoCA) declined compared with baseline as is confirmed by many other studies [6, 7, 35] . The results of this study show positive correlation between parameters Kmean-WM-6 m, Kmean-WM-12 m, delta Kmean-WM and MoCA-post. This is bolstered by previous work [17] . Given these results, it is feasible to conclude that the diffusion-related imaging parameters could be considered as a biomarker related to neurocognitive impairment. However, which parameter is more sensitive at what time point requires more experimental and clinical verification.
From the perspective of deriving more statistically robust comparative parameters, future research will focus on MRI voxel level longitudinal comparisons in order to utilize high resolution imaging to further pinpoint regional microstructural abnormalities within WM and GM tracks. This could provide correlations between RT localization and tissue sensitivity to radiation induced injury. Furthermore, signal to noise will be thoroughly characterized for all imaging time points in the longitudinal study in order to provide a sound statistical comparison for voxel level dynamic change studies.
This study has several limitations. First, the basis of this study is that the diffusion related imaging parameters from MRI have some quantitative significance related to microstructural alterations of tissue. While this is bolstered by previous work, this is still a hypothesis that must be tested from a structural and molecular standpoint, necessitating rigorous biological correlations that are challenging to perform in healthy patients without invasive procedures such as biopsy [11] [12] [13] [14] [15] . The precise underlying mechanisms must be elucidated by comparison to biopsied tissue, post-mortem evaluation, other clinical neurocognitive metrics and markers, and in vivo studies. The second limitation is that this study executed an identical dose gradient and radiation field design. Further research into imaging parameter optimization will allow for more robust and sensitive results. Third, although our follow-up time of up to 12 months was relatively long compared with other studies, and the reversibility of these alterations could not be determined. Further longitudinal study is necessitated to assess patients. Finally, all patients underwent CCRT rather than IMRT only, which may cause a chemotherapy-induced effect or synergy between chemotherapy and IMRT, making decoupling effects more challenging for this type of pilot study.
Conclusion
This study provides a basis for the use of high-resolution DWI and DKI to detect early radiation-induced microstructural abnormalities that are undetectable by conventional MRI of temporal lobes following chemoradiotherapy in NPC patients. The longitudinal change of Kmean in the results indicates that the microstructural changes in the temporal lobe might exist for longer than predicted by other parameters (Dmean, ADC, FA). In addition to white matter, gray matter also underwent significant microstructural changes as predicted by the parameters obtained from diffusion based MRI after chemoradiotherapy. High-resolution DWI and DKI, combined with neurocognitive testing might be extended as a protocol to detect neurocognitive impairment regularly in NPC and other head and neck cancers.
